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Introduction
Gnetophytes are among the most systematically important and persistently discussed clades of living seed plants, being repeatedly implicated in both the phylogeny of conifers and in the origin of flowering plants (Doyle 1998; Mathews 2009 ). Yet, they are also one of the most enigmatic clades of spermatophytes (Burleigh and Mathews 2004 , 2007a , 2007b Friis et al. 2007; Rothwell et al. 2009 ). Because of a unique suite of distinctive morphological characters (Chamberlain 1935; Eames 1952; Rydin et al. 2006a Rydin et al. , 2006b Friis et al. 2011 ) and long-branch separation from other spermatophytes in many nucleotide sequence phylogenies (Graham and Isles 2009) , systematic relationships and evolutionary origins of the clade remain obscure (Mathews 2009; Taylor et al. 2009 ). Whereas systematic analyses of morphological characters usually resolve gnetophytes as the sister group to flowering plants at the apex of the spermatophyte tree (Laconte and Stevenson 1990; Doyle and Donoghue 1992; Nixon et al. 1994; Rothwell and Serbet 1994; Doyle 1998; Hilton and Bateman 2006; Friis et al. 2007; Rothwell et al. 2009 ), the results of analyses based on nucleotide sequence characters of living species yield several conflicting topologies (Rydin et al. 2002; Mathews 2009 ). Results of analyses based on some nucleotide sequences and employing certain model assumptions resolve gnetophytes at the basal branch of the extant spermatophyte tree, while analyses of other nucleotide sequences and/or employing other model assumptions resolve gnetophytes either as the sister group to conifers or as variously nested within the conifer clade (Rydin et al. 2002; Rai et el. 2003 Rai et el. , 2008 Mathews 2009; Finet et al. 2010; Rai and Graham 2010) .
The paleontological record of gnetophytes also remains equivocal with respect to the most ancient occurrence, ancestral morphological characters, systematic relationships, and phylogeny of the clade (Crane 1996; Rothwell et al. 2009; Taylor et al. 2009 ). On the basis of primarily palynological records (Mü ller 1984; Osborn et al. 1993) or pollen contained within compressed fructifications that lack the structural synapomorphies of gnetophytes (Taylor et al. 2009 ), some authors suspect that the clade originated as early as the Permian (Wang 2004) . There are intriguing gnetophyte-like megafossils in deposits as old as the Triassic (Ash 1972) . However, specimens that display a wide array of widely accepted synapomorphies for gnetophytes appear first in the Lower Cretaceous (Crane and Upchurch 1987; Martill et al. 1993; Taylor et al. 2009; Friis et al. 2011; Kunzmann et al. 2011) at about the same time as the oldest unequivocal megafossil evidence for flowering plants (Yang et al. 2005; Friis et al. 2011) .
Palynological and dispersed seed data reveal that gnetophytes diversified along with the flowering plants in the Lower Cretaceous Lidgard 1989, 1990; Dilcher et al. 2005; Friis et al. 2011 Friis et al. , 2013 but apparently suffered declining diversity later in the Cretaceous (Crane and Lidgard 1990) and Paleogene (Taylor et al. 2009 ). The vast majority of Cretaceous gnetophyte megafossils are preserved as compression/impressions (Mohr et al. 2007 ; for a review, see Friis et al. 2011 ), many of which are similar to crown group species of Ephedra L., Welwitschia Hooker, and Gnetum L. Taylor et al. 2009; Friis et al. 2011 ), but those fossils provide little evidence for the structural transformations that led to the origin and early diversification of the gnetophyte clade.
Heretofore, the almost total absence of permineralized fossil gnetophyte specimens that can be coded for a large number of systematically informative morphological and anatomical characters also has hampered attempts to more clearly resolve the evolution and phylogeny of the clade (Friis et al. 2007; Rothwell et al. 2009 ). Recent promising discoveries of anatomical evidence for the structure of gnetophyte-like seeds and gnetophyte diversity during the Lower Cretaceous (Rydin et al. 2004 (Rydin et al. , 2006a (Rydin et al. , 2006b Friis et al. 2007 Friis et al. , 2009 Friis et al. , 2011 Friis et al. , 2013 have bolstered earlier palynological and compression/impression evidence for a Cretaceous radiation of Gnetales (Crane and Lidgard 1989) , but the structure and systematic relationships of some of those seeds are controversial and remain uncertain (for a critical evaluation, see Rothwell et al. 2009 ). Anatomical evidence for the cones and vegetative features of those plants has yet to be described.
Phylogenetic relationships of Gnetales have been obscured even further by the recent reintroduction of an old structural hypothesis (Berridge 1911) and by renewed assertions that there are systematically important structural similarities between the seeds of Gnetales and Bennettitales (Friis et al. 2007 (Friis et al. , 2009 (Friis et al. , 2011 (Friis et al. , 2013 , some of which conflict with evidence that has been accumulating for more than 100 yr (Solms-Laubach 1891; Lignier 1894 Lignier , 1911 Wieland 1906 Wieland , 1911 Wieland , 1916 Stopes 1918; Sharma 1970a Sharma , 1970b Crepet 1972 Crepet , 1974 Crepet and Delevoryas 1972; Nishida 1994; Ohana et al. 1998; Rothwell and Stockey 2002, 2010; Stockey and Rothwell 2003; Rothwell et al. 2009 ). Those assertions add additional uncertainty about relationships between the ovulate structures of Gnetales and Bennettitales and necessitate that careful comparisons between seeds of the two clades be made to clarify what similarities and differences actually exist.
In this study, we describe the first permineralized fossil evidence for reproductive anatomy and morphology of gnetophyte cones from the Valanginian Stage of the Lower Cretaceous, ;136 Ma. Protoephedrites eamesii gen. et sp. nov. conforms to the morphology of a hypothesized structural intermediate in a previously proposed transformational series leading to the basal crown group gnetophyte genus Ephedra (Thoday and Berridge 1912; Eames 1952; IckertBond et al. 2009 ), thus documenting a putative ancestral morphology and anatomy of gnetophyte seed cones and confirming hypothesized homologies of the seed position and ''outer integumentary envelope'' that characterize crown group gnetophytes. The new genus provides additional evidence that the outer envelope of gnetophyte seeds evolved within the gnetophyte clade and that the outer integument of gnetophyte and angiosperm seeds evolved by parallel evolution.
Description of this new cone also provides an opportunity to refigure and analyze the seeds of several bennettitalean species to the seeds of gnetophytes for a critical comparison to the ovulate structures of Gnetales. This comparison emphasizes that the seeds and seed-bearing structures of Gnetales and Bennettitales show far fewer similarities than differences and are clearly much more structurally divergent than recently has been hypothesized by other authors (Friis et al. 2007 (Friis et al. , 2009 (Friis et al. , 2011 (Friis et al. , 2013 . As a result, it becomes clear that ovulate reproductive structures of gnetophytes share more morphological characters with Paleozoic cordaites and ancestral conifers s.s. than they do with the ovulate reproductive structures of Bennettitales.
Material and Methods
Protoephedrites eamesii is preserved by cellular permineralization in a calcium carbonate concretion (University of Alberta Paleobotanical Collections P13,158D) derived from a carbonate-cemented graywacke matrix at the Apple Bay locality on northern Vancouver Island, British Columbia, Canada. The locality is on the beach along Quatsino Sound (50°369210N, 127°399250W; UTM 9U WG 951068), where material is most accessible at low tide (Stockey and Wiebe 2008) . Sediments were previously regarded as Lower Cretaceous (Valanginian-Barremian), Longarm Formation equivalent (Jeletzky 1976; Haggart and Tipper 1994) , which corresponds to Jeletzky's Barremian variegated clastic unit (Sweet 2000) . More recently, an oxygen isotope analysis has narrowed the age to ;136 Ma in the Valanginian Stage of the Early Cretaceous (D. R. Grö cke, personal communication).
The specimen was encountered in oblique transverse section while making serial sections of another plant. Two hundred and sixty-eight sections were made from near the base and toward the apex of the specimen before it was reoriented and sectioned for longitudinal views of the cone apex. Preparations were made using the well-known cellulose acetate peel technique with 5% hydrochloric acid (Joy et al. 1956 ). Slides were mounted in Eukitt (O. Kindler, Freiburg) xylenesoluble mounting medium. Images were captured using a PowerPhase digital scanning camera (Phase One, Copenhagen) and processed using Adobe Photoshop 7.0 (Adobe, San Jose, CA). Three-dimensional reconstructions were rendered using AVIZO 3.1.1 visualization software (TGS Software, San Diego, CA).
Figures of bennettitalean seeds from cones of Williamsonia bockii Stockey et Rothwell, Williamsonia sp., Foxeoidea connatum Rothwell et Stockey, and Cycadeoidea maccafferyi Rothwell et Stockey are from previously described specimens, the more complete descriptions and sources of which are presented by Rothwell and Stockey (2002, 2010) , Stockey and Rothwell (2003) , and Rothwell et al. (2009) . Specimens and microscope slides are housed within the collections indicated in the original descriptions of each species.
Homology and Terminology
Terminology that has been used to describe the fertile structures of gnetophytes differs dramatically among authors who have studied such structures over the years (for informative (Thoday and Berridge 1912; Gifford and Foster 1989; Endress 1996; Hufford 1996) , while other authors have employed more general terminology that is typically used for gymnospermous seed plants (Eames 1952) .
We regard gnetophytes as having compound cones (¼inflorescences of some authors; i.e., consisting of two orders of branching) in which there is a cone axis (i.e., stem homologue) that produces bracts (i.e., leaf homologues) with axillary fertile or dwarf shoots (i.e., secondary shoots; ¼flowers or female strobili of some authors) that consist of a stem that bears vegetative (i.e., bracteoles) and fertile (i.e., sporophylls) leaf homologues. In living species, the number of seeds is hypothesized to have been reduced to one, and ovulate sporophylls are considered to have been evolutionarily displaced to the position of the secondary shoot tip (Thoday and Berridge 1912; Eames 1952; fig. 5) , and the structure of P. eamesii supports those interpretations. Terminology employed for the description of bennettitalean seeds is the same as in the study by Rothwell et al. (2009) .
Results

Systematics
Class-Spermatopsida
Order-Gnetales Etymology. The genus Protoephedrites is proposed to reflect a combination of plesiomorphic characters and similarities to the living genus Ephedra. The specific epithet eamesii recognizes the important contributions made to our understanding of gnetophyte morphology and evolution by the late Arthur J. Eames of Cornell University.
Description
Cone structure. Protoephedrites eamesii is a cylindrical cone 7.8 mm in maximum diameter that consists of a cone axis ;3 mm in diameter that bears six pairs of bracts with axillary fertile dwarf shoots in an opposite/decussate arrangement ( fig. 1 ; video 1, available in the online edition of the International Journal of Plant Sciences). As numbered from the apex to the base, nodes 1 and 2 bear only bracts (figs. 1A, 2A), whereas at nodes 3-6, the bracts subtend a secondary fertile shoot ( fig. 1B, 1C ; video 1; table 1). Secondary shoots consist of an axis that bears one or two pairs of diminutive bracteoles that subtend erect terminal seeds in an opposite/ decussate arrangement ( fig. 2C-2F ). At nodes 3 and 6, both secondary shoots bear two seeds, whereas at nodes 4 and 5, only one of the two axillary shoots bears seeds. The other axillary shoot at each of these nodes either is incompletely developed or not fully preserved. Distal to the most apical pair of bracts (i.e., borne at node 1), the cone axis is represented by a tiny, conical projection between the bracts ( fig. 2A , arrowhead) that appears to consist of mature parenchyma cells. Therefore, the cone has determinate growth and is preserved at a stage after which additional apical growth would not have occurred.
At the base of the cone, the axis has an irregular shape and an undulating outer margin ( fig. 1D ). Progressing distally, the axis becomes rectangular in the midregion ( fig. 1B,  1C ) and nearly round toward the apex (fig. 1A) . The cone axis has a pith consisting of parenchyma cells with dark contents ( fig. 2B ). The stele forms four crescent-shaped xylem bundles separated by pith rays ( fig. 2B ). Four large, interconnected lacunae occur at the outer margin of the xylem bundles in positions where one would expect phloem to occur (figs. 1D, 2B). Tracheids are small and round to polygonal in Axillary fertile shoots diverge from the cone axis at about a 45°angle within a small pocket formed by separation of the bract center at a lower level than the bract margins (figs. 1B, 2C-2F; video 1). Overall, axillary shoots are ;3 mm long. In cross sections, each is oval at the base and displays two bulges on opposite sides and in the plane that parallels the periphery of the axis (i.e., lateral plane). Progressing distally, the basal bulges disappear, and two small, scale-like bracteoles diverge in a plane that is at right angles to the basal bulges ( fig. 2D , 2E, arrows). At still more distal levels, the shoot produces two short stalks that each represent a sporophyll with an erect terminal ovule (figs. 1C, 2C-2E) and that are oriented in the same plane of section as the basal bulges ( fig. 2C ). Therefore, each axillary dwarf shoot appears to have three nodes of paired organs arranged in an opposite/ decussate taxis.
Ovules. The erect ovules are oval with a narrow wing in cross sections, displaying 180°rotational symmetry (figs. The ovule integument consists of an inner epidermis distal to the level of separation from the nucellus ( fig. 4A, 4C-4E ), a zone of thin-walled parenchyma several cell layers thick ( fig. 4) , an outer zone of cells with darker walls and amber cell contents ( fig. 4A, 4E) , and an outer epidermis ( fig. 4A ). In the midregion of the ovules, the thin-walled cells often are pulled away from the inner epidermis ( fig. 4A, 4E ), but fragments of broken cell walls in the areas of separation ( fig. 4A,  4E [left]) and cellular continuity at more distal levels ( fig.  4E , top) reveal that the discontinuity is taphonomic in origin. Immediately above the level of separation from the nucellus, the inner integumentary epidermis is quite prominent, consisting of cells that are relatively isodiametric in cross section ( fig. 4A ). Toward the apex of the ovule, in the region of the pollen chamber, the inner epidermal cells expand in the radial plane ( fig. 4D ), forming a distinctive palisade that also lines the micropylar canal ( fig. 4B ).
The nucellus consists of thin-walled parenchyma cells surrounded by an outer cuticle in the basal region, and it forms a large pollen chamber distally ( fig. 4C-4E ). There is no evidence of a megaspore, a basal hollow, or megagametophyte tissue, suggesting that ovules are relatively immature. The pollen chamber of some ovules forms a uniseriate wall ( fig.  4C, 4D) . In other ovules, cells of the pollen chamber wall are incompletely preserved, and the outer cuticle is quite prominent ( fig. 4A, 4E ). There is an amber, noncellular substance within the pollen chamber of most ovules ( fig. 4A, 4C-4E) . By comparison to ovules of living and other fossil gymnosperms, this substance can be identified as the residue of cells that have broken down to form the pollen chamber. These data support the interpretation that the ovules are immature, possibly preserved at about the stage of pollination (Rothwell 1971) .
Structure of Bennettitalean Ovules and Seeds
Seeds of numerous permineralized bennettitalean species have been described from exquisitely well-preserved specimens, and those studies have demonstrated that the seeds of Bennettitales have a common basic structure that differs from their gnetalean counterparts in many important features (for a detailed comparison of reproductive structures, see Rothwell et al. 2009 ). In earlier studies, we have described and figured the features of the ovulate fructifications for species of Cycadeoidea (¼Bennettites; Rothwell and Stockey 2002; Rothwell et al. 2009 ), Williamsonia (Stockey and Rothwell 2003; Rothwell et al. 2009 ), and Foxeoidea (Rothwell and Stockey 2010) , so the descriptions that follow are limited to features of the seed integument and nucellus that have been interpreted differently by other authors (Berridge 1911; Thoday 1911 Thoday , 1921 Friis et al. 2007 Friis et al. , 2009 Friis et al. , 2011 Friis et al. , 2013 .
The outer limit of the single seed integument in Williamsonia bockii, Williamsonia sp., and Cycadeoidea maccafferyi lies directly adjacent to interseminal scales (figs. 5, 6A-6C, 7). In section views, interseminal scales are most easily distinguished from the seed integument by a prominent epidermis and frequently also by a small cellular discontinuity that helps establish the outer limits of the seeds (figs. 5A [right arrow], 6A, 6C, 7B-7D). Because no interseminal scales are produced by Foxeoidea connatum, all seeds are directly adjacent to other seeds ( fig. 6D, 6E, 6G) . We address the structure of Williamsonia sp. and W. bockii first, because they have the simplest and most easily understood integumentary structure. This is followed by the description of F. connatum, which lacks interseminal scales and has seeds that are fused to each other except at the apex. Cycadeoidea is described last, because it has the most complex integument and is most easily confused unless seed structure of the other bennettitalean genera is clearly understood.
Williamsonia sp. The cone of Williamsonia sp. (Rothwell et al. 2009 ) is preserved at about the developmental stage where meiosis occurs to form the megaspore and megagametophyte. Therefore, some ovules have a parenchymatous nucellus throughout (i.e., premeiosis; fig. 5A ), while others show a central hollow in the nucellus that represents the megaspore or early precellular stage of the megagametophyte ( fig. 5D ). The nucellus consists of thin-walled parenchyma The integument is four to six cell layers thick in the apical region ( fig. 5, horizontal lines) . At the apex, it consists of a distinct outer epidermis of round cells without internal contents ( fig. 5B ), two to four layers of isodiametric thick-walled sclereids ( fig. 5A , 5B), and an inner epidermis of radially elongated cells that partly occlude the micropylar canal ( fig.  5A , 5B). At successively more proximal levels, the sclereids become progressively thinner walled and more axially elongated, and the cells appear to be parenchymatous ( fig. 5 ). In the midregion, there is a layer of cells immediately within the outer epidermis with darker and thicker appearing walls than the other cells of the integument ( fig. 5D ). At the level of the apex of the nucellar plug, cells of the inner epidermis abruptly change shape, being isodiametric in more basal cross sections ( fig. 5A, 5C, 5D ) and axially elongated in longitudinal views ( fig. 5A ).
Williamsonia bockii. Ovules or seeds of W. bockii are preserved at more mature stages than those of Williamsonia sp., typically having a nucellus that is thin and discontinuous in the seed body ( fig. 6A ) and forming a solid parenchymatous plug in the micropylar canal ( fig. 6A, 6C ). Some specimens show cellular megagametophytes, and others also have what has been interpreted to be an immature embryo (Stockey and Rothwell, 2003) . In this species, the nucellar plug displays an epidermis of round cells that lack internal contents, and the interior consists of closely spaced, randomly arranged cells, many of which have dark contents ( fig.  6A, 6C) . As with the specimens of Williamsonia sp., cells of the nucellar plug in W. bockii show no evidence of a central canal or of cellular proliferations that could have occluded such a canal (figs. 5A, 5C, 6A, 6C).
In longitudinal sections of W. bockii, the tip of the micropyle is often abraded (fig. 6A, top) . The integument displays an outer epidermis of radially elongated, peg-like cells and is usually separated from the surrounding interseminal scales by a narrow space ( fig. 6A ). Within the outer epidermis, there are two to six layers of axially elongated cells ( fig. 6A ) of variable sizes ( fig. 6B, 6C) . In cross sections distal to the nucellar plug, there is a prominent internal epidermis of radially elongated cells similar to those of Williamsonia sp., but an inner epidermis is difficult to identify at more proximal levels ( fig. 6A, 6C ). We emphasize that in W. bockii, similar to all of the bennettitalean seeds studied, the integument is clearly a single structure with cellular continuity throughout (horizontal lines in figs. 5, 6A-6C, 6E-6G, 7B-7D). Only in species of Cycadeoidea spp. are there large tubular cells at the seed periphery that are separated from the otherwise uninterrupted integument ( fig. 7) , and that discontinuity has been convincingly documented by Stopes (1918) to be developmental/ taphonomic in origin.
Foxeoidea connatum. The absence of interseminal scales from F. connatum ( fig. 6D ) is unique among bennettitalean cones. However, other features of the fructification allow for confident assignment of the species to the Bennettitales (Rothwell and Stockey 2010) . Seeds of F. connatum lie directly adjacent to each other ( fig. 6D ) and are fused to each other except in the apical region ( fig. 6D, 6E ). This is particularly important for demonstrating that there is no additional structure surrounding or enclosing the seed integument in Bennettitales. As is also characteristic of other bennettitalean seeds, the nucellus of F. connatum extends distally as a solid cellular plug of parenchymatous tissue that fills the micropylar canal ( fig. 6G ) except at the most apical levels ( fig. 6F ). The plug consists of uninterrupted tissue made up of thinwalled cells that are isodiametric and randomly arranged in cross sections ( fig. 6G ) and axially elongated in longitudinal sections ( fig. 6E ). It is clear that there is no channel through the apical plug, nor that such a putative channel has been closed by cellular proliferations (fig. 6E, 6G) .
The integument of F. connatum consists of several layers of irregularly sized and shaped cells ( fig. 6E-6G) , some of which are sclereids ( fig. 6G ) while others are thin walled ( fig.  6E-6G ). As also is characteristic of other bennettitalean seeds, there is a distinct inner epidermis of cells that are radially expanded distal to the apex of the nucellar plug ( fig. 6E,  6F ), although not as prominently as in many other species (cf. figs. 5B, 6B, 6F). In the region of the nucellar plug, cells of inner epidermis are axially elongated fig. 6E ) and isodiametric in cross sections ( fig. 6G) . Seeds of the type specimen typically have integumentary tissue that has been taphonomically disrupted in the basal region but that forms a continuous cellular zone distally ( fig. 6E, 6F ). This demonstrates that the integument of this species originally consisted of a single continuous zone of tissue (lines in fig. 6E-6G ).
Cycadeoidea maccafferyi. The preserved cone surface of C. maccafferyi specimens shows round micropyles of seeds ( fig. 7A, arrowheads) , each of which is surrounded by interseminal scales ( fig. 7A ). Putative bracts and microsporangiate sporophylls that probably subtended and enclosed the ovulate zone are not preserved on this specimen. The most apical levels of the micropylar tube in seeds of this species typically have been lost as a result of abrasion, and no seeds were cut in midlongitudinal section. However, oblique sections ( fig.  7B , arrow at n) and cross sections ( fig. 7C , arrow at n) of the micropylar region reveal a nucellar plug that is constructed of an uninterrupted zone of thin-walled parenchyma ( fig. 7B , arrow at n) and that is comparable to the nucellar plugs in other bennettitalean seeds (cf. figs. 5A, 5C, 6A, 6C, 6E, 6G, 7B).
As is characteristic of species of Cycadeoidea (Wieland 1911) , the integument is more complex than in other bennettitalean genera. The inner margin of the integument does not show as distinct an epidermis as the other genera ( fig. 7B ). This may be the result, in part, of the absence of sections distal to the nucellar plug, where such cells have been observed in other species of Cycadeoidea (e.g., Cycadeoidea wielandii; fig. 3C of Wieland 1911) . The innermost zone of the integument in C. maccafferyi is constructed of several layers of relatively thin-walled, radially elongated cells ( fig. 7B, 7C ) to the inside of several layers of thick-walled sclereids ( fig. 7B-7D ). As is also characteristic of other Cycadeoidea species (Wieland 1911) , prominent ribs constructed of thin-walled cells radiate from the sclerotic zone of the integument ( fig.  7C ), immediately below the micropylar tube in C. maccafferyi ( fig. 7C ). Those ribs diminish proximally ( fig. 7D ) and are nearly absent at the chalaza of the seeds.
To the outside of the integumentary tissues already described are elongated tubular cells ( fig. 7B ) that occupy the space between the rest of the integument and the epidermises of the surrounding interseminal scales ( fig. 7B-7D) . In cross sections, the tubular cells appear as prominent round (fig. fig. 7C, 7D ), or elongated ( fig. 7B ) objects that are situated between the solid cellular integumentary tissues and the interseminal scales ( fig. 7B-7D ). Separation of those large tubular cells from the otherwise uninterrupted integument ( fig. 7B-7D ) is characteristic of most species of Cycadeoidea (Lignier 1894; Wieland 1906; Stopes 1918; Rothwell and Stockey 2002) and upon casual observation could be mistaken for either a cupule or as remnants of another structure enclosing the integument. However, Stopes (1918) has convincingly documented that the separation has a developmental/taphonomic origin in Bennettites albianus Stopes (¼Cycadeoidea albianus; text- fig. 7 of Stopes 1918) , which strongly implies that the tubular cells of other species of Cycadeoidea were previously continuous with the otherwise uninterrupted single integument of bennettitalean seeds as well.
Discussion
Among gymnospermous clades, Protoephedrites shares monosporangiate compound seed cones with Cordaitales, Coniferales, and Gnetales (table 1) . This contrasts with the simple seed cones of bennettitaleans and most cycads and with the ovulate sporophylls of many other gymnospermous groups (Taylor et al. 2009 ). Cordaiteans typically produce bracts in a distinctive four-ranked pattern not found in other gymnosperms (Rothwell 1977) , but in one genus the bracts are helically arranged (i.e., Shanxioxylon Wang et al. 2003) . Bracts of ancestral conifers and many modern conifer seed cones also are arranged in a helical pattern (table 1) , but other Cretaceous, Cenozoic, and Recent species have an opposite/ decussate bract arrangement (e.g., Metasequoia and many species of cupressoid Cupressaceae; Farjon 2005) . Protoephedrites, other fossil, and all living gnetophytes also produce bracts in an opposite/decussate (whorled in some species) pattern (Friis et al. 2011 ), but unlike species of Cupressaceae, seeds are not borne in an adaxial or axillary position with respect to the bracts. Rather, the seeds of Protoephedrites and gnetophytes are borne near or at the tip of the secondary shoot (table 1) .
In cordaiteans and ancestral walchian conifers, vegetative scales and sporophylls are helically arranged on the secondary axis, while those of Protoephedrites and gnetaleans are in an opposite/decussate (whorled in some species) arrangement. Additional similarities of Protoephedrites and crown group gnetophytes are erect seeds subtended by one or more pairs of opposite/decussately arranged bracteoles (whorled in some species), seeds with a prominent pollen chamber, and a nucellus that is adnate to the integument basally and free distally (Chamberlain 1935; Gifford and Foster 1989) . Likewise, both living gnetophytes and Protoephedrites have a distinctive inner epidermis of the micropylar canal that consists of radially elongated palisade (Rothwell et al. 2009; Friis et al. 2011) . These characters clearly place Protoephedrites within the Gnetales (Chamberlain 1935; Gifford and Foster 1989) , but other characters of Protoephedrites eamesii are novel for the clade (table 1) .
All living gnetophyte species (Chamberlain 1935; Gifford and Foster 1989) as well as a variety of dispersed fossil seeds from Cretaceous deposits (for a comprehensive review, see Friis et al. 2011 ) have an outer envelope (two envelopes in Gnetum spp.) surrounding and enclosing the seed integument, which is widely, although not universally, regarded as having originated from fused subtending bracteoles (for a contemporary discussion of interpretations, see Yang 2004 ). By contrast, bracteoles of Protoephedrites are diminutive subtending structures that neither are united nor enclose the seed. There are also two seeds near the tip of the secondary shoot in Protoephedrites that occur in positions consistent with their being borne on short, near-apical sporophylls, whereas only one seed is produced at the tip of the secondary axis by all crown group gnetophyte species (Chamberlain 1935; Eames 1952; Gifford and Foster 1989) . The seed integument in species of Ephedra, Welwitschia, Gnetum, and a variety of dispersed Cretaceous fossil seeds (Friis et al. 2011 (Friis et al. , 2013 ) is extended to form a narrow micropylar tube, but that of Protoephedrites is not. However, Protoephedrites, crown group gnetophytes, and dispersed fossil gnetophyte seeds all display an inner integumentary epidermis that forms a distinctive specialized epidermis within what is otherwise a relatively undifferentiated integument (Rothwell et al. 2009 ).
It is difficult to compare Protoephedrites to previously described fossil gnetophyte cones because the latter are all preserved as compressions or impressions that display a largely disjunct character set as compared with the anatomical preservation of P. eamesii (Taylor et al. 2009; Friis et al. 2011) . The most important characters that Protoephedrites shares with the compressed fossils are compact cones and an opposite/ decussate bract arrangement. Among the living genera of gnetophytes, Protoephedrites appears to share several characters with species of Ephedra (table 1). The irregular shape of the axis below the basal node of P. eamesii ( fig. 1D ) suggests that the most proximal preserved level represents the actual base of the cone. If correct, then seed cones of P. eamesii were only a few centimeters long, with only about six pairs of bracts (i.e., nodes) and axillary fertile shoots. In this respect, P. eamesii is similar to Ephedra, which has quite small seed cones with only a few pairs (or whorls) of bracts and axillary structures (Stevenson 1993) . However, in contrast to seed cones of Ephedra, which typically produce fertile secondary shoots with seeds only in axils of the most apical bracts (Cutler 1939; Yang 2004 ; table 1), P. eamesii produces axillary fertile shoots throughout the cone. In this latter character, Protoephedrites is more reminiscent of Welwitschia and Gnetum, which also produce seeds throughout the length of seed cones. In Gnetum, the bracts at each node are adnate, forming a collar of tissue, and the internodes are much longer than for Protoephedrites and the other living gnetophyte genera.
Comparative Structure of Gnetalean and Bennettitalean Seed Cones and Seeds
Seeds of superb anatomical preservation have been described and illustrated for numerous species of Bennettitales, and for many years, the structure of those seeds has been generally regarded as well understood. More recently, Friis et al. (2007 Friis et al. ( , 2009 Friis et al. ( , 2011 Friis et al. ( , 2013 have described a variety of dispersed early Cretaceous seeds in which the integument is enclosed in an outer envelope, similar to that of Gnetales. Those authors apparently have not conducted detailed studies of bennettitalean seed anatomy. Nevertheless, they have concluded that gnetalean seeds and bennettitalean seeds share a common basic structure, including an outer envelope surrounding the seed integument and histological features of the inner micropylar epidermis and sarcotesta. Although the imaging techniques employed by those authors to study the gnetophyte-like dispersed seeds do not provide for the level of resolution, clarity of histological detail, or spectrum of differing colors displayed by tissues of well-preserved specimens that are prepared as cellulose acetate peel sections, the descriptions of those seeds appear to be detailed and accurate. At the same time, such studies provide no evidence about the structure of bennettitalean seeds. Friis et al. (2007 Friis et al. ( , 2009 Friis et al. ( , 2011 do present photographs of one specimen of Cycadeoidea morierei Lignier that is represented by a small number of thin sections and seeds that have been dislodged from the cone, as well as interpretative diagrams to support their assertion. However, their figures of the relevant structures are at too low a magnification to allow the reader to determine whether their hypothesis is correct (figs. 129, 131-137 of Friis et al. 2009 ).
In their tacit questioning of the accuracy of descriptions and the more recent understanding of bennettitalean ovulate organs, Friis et al. have resurrected an old alternative hypothesis of bennettitalean seed structure (Carruthers 1870; Berridge 1911; Thoday 1911 ) that asserts that there are close structural similarities between the seeds of Gnetales and Bennettitales (Friis et al. 2007 (Friis et al. , 2009 (Friis et al. , 2011 (Friis et al. , 2013 . That view contrasts dramatically with our own observations, descriptions, and understanding of bennettitalean seed cones and seeds (Rothwell and Stockey 2002; Stockey and Rothwell 2003; Rothwell et al. 2009) , as well as with data presented in the text and/or photographs and diagrams of articles by many other authors on several species of Cycadeoidea (¼Bennettites of some authors; Wieland 1906 Wieland , 1911 Wieland , 1916 Stopes 1918; Crepet 1972 Crepet , 1974 Crepet and Delevoryas 1972) , several species of Williamsonia (Seward 1913; Sahni 1932; Sharma 1970a Sharma , 1970b , Cycadeoidella japonica Ogura (Nishida 1994) , Bennetticarpus yezoites Ohana, Kimura et Chitaley (1998) , and Williamsoniella coronata Thomas (Crane and Herendeen 2009) . 
ROTHWELL & STOCKEY-EARLY CRETACEOUS GNETOPHYTE SEED CONE
We previously have described and illustrated ovulate structures from the cones of several bennettitalean taxa (Rothwell and Stockey 2002, 2010; Stockey and Rothwell 2003; Rothwell et al. 2009 ) and have found them to contrast markedly with comparable structures of Gnetales in several important characters. In general, Gnetales bear their seeds in unisporangiate cones of compound construction with parts that show opposite/decussate (or whorled) arrangement, whereas bennettitalean cones are both monosporangiate and bisporangiate, are of simple construction, and bear their parts in a helical arrangement. The seeds of Gnetales are borne on secondary shoots and are either subtended by or enclosed by fused pairs (or whorls) of bracteoles (Wieland 1911; Stopes 1918; Rothwell and Stockey 2002; Rothwell et al. 2009 ). In contrast, bennettitalean sporophylls are borne directly on the receptacle of the simple cone, and the erect, terminal seeds are not subtended by (or enclosed by) one (namely, Ephedra, Welwitschia, and several species of dispersed Cretaceous seeds; Friis et al. 2011 Friis et al. , 2013 or two (namely, Gnetum spp.; Thoday 1921) vascularized envelopes that are derived from bracteoles that subtend the seed on a secondary shoot (table 1 of Rothwell et al. 2009 ). The latter structure of the seed cone and seeds is characteristic of Gnetales but not of Bennettitales.
As stressed by Berridge (1911) , Thoday (1911 Thoday ( , 1921 , and Friis et al. (2007 Friis et al. ( , 2009 Friis et al. ( , 2011 Friis et al. ( , 2013 , there are intriguing histological similarities between epidermal cells of the micropyle (i.e., integument) in bennettitalean species and the seeds of Gnetum. In both clades, the inner epidermis of the integument consists of isodiametric cells in cross sections at some levels (cf. figs. 5C, 5D, 6E, 6G with figs. 1, 7 of plate 1 of Thoday 1921 ) and of radially elongated epidermal cells that partly occlude the micropylar canal at other levels (cf. figs. 5B, 6B, 6E with figs. 2-5, 9 of plate 1 of Thoday 1921) . However, the radially elongated cells occur at the apex of the micropylar tube in the bennettitalean species, whereas similarly appearing cells occur at one ( fig. 1 of Berridge 1911) or two levels (text- fig. 1 of Thoday 1921) lower down the micropylar canal in Gnetum. Conversely, the more isodiametric inner epidermal cells occur at the most distal levels of the micropylar canal (and possibly also at a lower level) in Gnetum ( fig. 1 of Berridge 1911; text- fig. 1 and figs. 1, 7 of Thoday 1921) , whereas such cells consistently occur as a single zone in the region of the nucellar plug that terminates below the radially elongated epidermal cells in bennettitalean seeds (figs. 5A-5C, 6A-6C, 6E-6G). Bennettitalean seeds have no pollen chamber, while gnetalean seeds have a pollen chamber at the apex of the nucellus ( fig. 1 of Berridge 1911; fig. 85 of Pearson 1929) , and that pollen chamber is not exerted into the micropylar canal, as is the nucellar plug of Bennettitalean seeds (figs. 5A, 5C, 6A, 6C, 6E, 6G, 7B; for a detailed discussion, see Rothwell et al. 2009 ).
Radial elongation of the inner epidermal cells is apparently associated with postpollination closure of the micropylar canal in Gnetum ( fig. 1 of Berridge 1911) and also with transverse divisions of the radially elongated cells during maturation in that genus (Thoday 1921) . By contrast, the inner epidermal cells at the distal levels of bennettitalean seeds are already radially elongated in the most immature ovules available for study (fig. 5A, 5B; fig. 5 of Crepet 1972; fig. 10 of Crepet and Delevoryas 1972) as well as in more mature seeds. Moreover, the inner epidermal cells of the micropylar canal do not become transversely divided during development (figs. 5A, 5B, 6B, 6E, 6F) as do comparable cells of Gnetum (Thoday 1921) .
There is also an intriguing similarity between the exterior shape of the inner pair of bracteoles covering the integument of Gnetum and the outer surface of the integument of Cycadeoidea, particularly immediately below the elongated micropylar tube (cf. fig. 1 of Berridge 1911 with figs. 5, 6 of Wieland 1911 . However, closer examination reveals that shape to be produced by nonhomologous structures in Gnetum and the seeds of the Bennettitales. Whereas in Gnetum, in which that shape is formed by a vascularized structure that covers the integument and is not attached to the integument above the chalaza, in Cycadeoidea the similar shape is produced by the unvascularized integument, a single structure adjacent to the nucellus that is attached to the nucellus into the midregion of the seed and that shows cellular continuity from the apex to the tip of the micropylar tube. Also, the micropylar tube of bennettitalean seeds shows no evidence of the cellular proliferations that close the micropyle of Gnetum after pollination.
Careful examination of the nucellus in the apical regions of bennettitalean and gnetophyte seeds reveals additional important structural and biological differences between the two clades. The nucellus of bennettitalean seeds consists of a single structure of continuous cellular construction from the inside to the outside that surrounds the megaspore, megagametophyte, and/or embryo and that extends into the base of the micropylar canal as a solid plug of tissue. We wish to stress that in all anatomically preserved bennettitalean seeds for which histological preservation is adequate for detailed examination, solid plug of tissue consists of cells that are isodiametric, tightly packed, longitudinally elongated, and randomly arranged in cross sections (figs. 5A, 5C, 6A, 6C, 6E, 6G, 7B; fig fig. 6C ) clearly separate the nucellus from the integumentary tissues in bennettitalean seeds. Moreover, there often is a space between the nucellar plug and the integument ( fig. 6C, 6G ) in bennettitalean seeds. In Gnetum seeds cut at comparable levels ( fig. 3 of Berridge 1911) , no such epidermis or separation is present because the cells are all of integumentary origin.
Structure of the integument and nucellus in the apical region of bennettitalean seeds has been confused further by incomplete preservation in some specimens and by differing terminology used by different authors for the apical plug (i.e., nucellus) in well-preserved specimens (e.g., ''nucellar beak '' of Wieland 1906 and Sharma 1970b; ''nucellus'' of Seward 1913 and Nishida 1994; ''nucellar mass'' of Stopes 526 INTERNATIONAL JOURNAL OF PLANT SCIENCES 1918; ''nucellar stalk'' of Sahni 1932 and Ohana et al. 1998; ''plug'' of Sharma 1970b; ''nucellar plug'' of Stockey and Rothwell 2003 , Rothwell et al. 2009 , and Rothwell and Stockey 2013 . Additional confusion has arisen as a result of some authors having identified what they interpret to be a pollen chamber in bennettitalean seeds (Lignier 1894; Wieland 1906; Stopes 1918; Ohana et al. 1998 ). However, none of those identifications are based on structures that compare favorably with the pollen chambers eroded into the apex of the nucellus in most other gymnosperms (Rothwell 1971; Serbet and Rothwell 1995) . Rather, the pollen chamber is identified below the apical plug of nucellar tissue in those bennettitalean taxa, in the position that has been called an archegonial chamber in cycads (Chamberlain 1935) . No pollen (comparable to that of other gymnosperms) has ever been discovered in this region of anatomically preserved bennettitalean seeds, and there is no opening through the apex of the nucellus that would allow for pollen to reach that area of the ovules or seeds. Therefore, a pollen chamber like that of gnetophytes is not present in bennettitalean seeds. As a result of the studies and analyses of bennettitalean seed structure detailed in this discussion, it is clear that the reconstructions of bennettitalean seeds presented by Thoday (1921, text-fig. 5 ) and Friis et al. (2009 Friis et al. ( [fig. 129], 2011 ) are not accurate with respect to the structure of the nucellus, the structure of the integument, and/or the putative presence of an additional envelope of tissue enclosing the integument.
Plesiomorphic Characters of Gnetalean Seed Cones
By comparison to both potential gnetophyte outgroups (i.e., cordaiteans and walchian conifers) and the crown group genera of Gnetales (i.e., Ephedra, Welwitschia, and Gnetum; table 1), Protoephedrites displays several characters that can be hypothesized as being ancestral within gnetophytes. These putatively ancestral characters are (1) monosporangiate compound cones (2) with opposite/decussate bract arrangement, (3) secondary fertile shoots more or less enclosed by subtending bract, (4) erect seeds (5) borne apically on (6) opposite sporophylls near the secondary shoot apex with (7) subtending bracteoles unfused and (8) not enclosing the seed, and (9) a short micropylar tube. This combination suggests that some characters typically considered to be synapomorphies for gnetophytes (i.e., seed enclosed by an outer envelope and narrow elongated micropylar tube) may actually be derived within the gnetalean clade and not characteristic of stem group gnetophytes (table 1). If this is correct, then features of Protoephedrites may aid in identifying other fossil stem group Gnetales that could help clarify the pattern of character transitions leading to the stem group genera.
In this regard, a previously hypothesized transformational series leading to the presence of a single seed at the apex of the secondary shoot and with an outer envelope formed from subtending bracteoles (i.e., Thoday and Berridge 1912; Eames 1952 ) is most intriguing. According to this hypothesis, the structure of modern Ephedra seed cones is derived from an ancestral morphology in which there were two oppositely positioned seeds at the tips of near-apical sporophylls and with subtending bracteoles that did not enclose the seed. Eames (1952) developed a transformational series for both pollen and seed cones ( fig. 2 of Eames 1952) that illustrates this hypothesis. The structure of P. eamesii is so similar to the hypothesized ancestral morphology in this transformational series that the seed cone portion of that figure is reproduced as figure 8. Protoephedrites eamesii differs from that ancestral hypothesized morphology ( fig. 8A ) only by having sporophylls and subtending bracteoles that are shorter than hypothesized by Eames (1952; cf. video 1, fig. 8 ). In both Protoephedrites and the hypothesized ancestral morphology of Eames ( fig. 8A ), each secondary shoot bears two erect seeds on near apical sporophylls and are subtended by a pair of bracteoles that do not enclose the seeds. Successive hypothesized morphologies lead to the loss of one of the seeds ( fig. 8B) , shortening of the sporophyll (as is already present in P. eamesii), enclosure of the seed within the subtending bracts to produce the outer envelope ( fig. 8C) , and displacement of the sporophyll to the apex of the secondary shoot ( fig. 8D, 8E ).
Summary and Conclusions
An anatomically preserved specimen has been discovered in Early Cretaceous sediments of western Canada that provides the first fossil evidence for internal seed cone anatomy and organ homologies of stem group Gnetales. Protoephedrites eamesii gen. et sp. nov. demonstrates that at least some ancestral gnetophyte seed cones bore bracts with axillary fertile shoots in the opposite/decussate arrangement that characterizes Gnetales as a whole. This supports the hypothesis that such morphology represents a synapomorphy for the gnetophyte clade. The occurrence of two oppositely positioned seeds near the apex of the fertile dwarf shoot confirms the previously hypothesized ancestral position of the gnetophyte seed at the tip of a sporophyll. Likewise, the presence of a pair of small bracteoles subtending the naked seed of P. eamesii supports the hypothesis that the outer envelope of crown group gnetophyte seeds is derived from such a pair of bracteoles ( fig. 8 ). In addition, the absence from Protoephedrites of bracteoles that fully surround and enclose the integument strongly suggests that the outer envelope of crown group gnetophyte seeds evolved within the gnetophyte clade ( fig. 8) .
Detailed study of anatomically preserved ovules and seeds produced by several species of Bennettitales (i.e., Williamsonia sp., Williamsonia bockii, Foxeoidea connatum, and Cycadeoidea maccafferyi) and careful comparisons to previously described bennettitalean ovulate structures reveal that all have a simple integument that is not surrounded by an additional vascularized envelope and that the nucellus extends into the micropylar tube as a solid plug of tissue. Contrary to an old hypothesis (Berridge 1911; Thoday 1911 ) and more recent assertions by other authors (Friis et al. 2007 (Friis et al. , 2009 (Friis et al. , 2011 (Friis et al. , 2013 , such seeds are not structurally equivalent to those of Gnetales and do not provide compelling data for a close systematic relationship between Gnetales and Bennettitales.
Despite the basal position of Ephedra among living gnetophyte genera in the results of virtually all systematic analyses of the clade, comparisons of P. eamesii and Ephedra spp. to the seed cones of potential gnetophyte outgroups and to other crown group Gnetales imply that small cone size, rela-tively simple cone structure, and the occurrence of seeds only in the axils of the most apical bracts may represent specializations within the clade. The recognition that Protoephedrites represents an extinct representative of Gnetales provides the first internal anatomical evidence for a stem group representative of the gnetalean clade. It also helps in the development of a search image for additional fossil representatives of the clade, which will provide vital data for confirming structural homologies of gnetophyte organs, for understanding the sequence of morphological transformations that led to crown group gnetophytes, and that ultimately will be needed for determining both the sister group relationships and the clade age of Gnetales.
